We report here the generation of antibody agonists from intracellular combinatorial libraries that transdifferentiate human stem cells. Antibodies that are agonists for the granulocyte colony stimulating factor receptor were selected from intracellular libraries on the basis of their ability to activate signaling pathways in reporter cells. We used a specialized "near neighbor" approach in which the entire antibody library and its target receptor are cointegrated into the plasma membranes of a population of reporter cells. This format favors unusual interactions between receptors and their protein ligands and ensures that the antibody acts in an autocrine manner on the cells that produce it. Unlike the natural granulocyte-colony stimulating factor that activates cells to differentiate along a predetermined pathway, the isolated agonist antibodies transdifferentiated human myeloid lineage CD34+ bone marrow cells into neural progenitors. This transdifferentiation by agonist antibodies is different from more commonly used methods because initiation is agenetic. Antibodies that act at the plasma membrane may have therapeutic potential as agents that transdifferentiate autologous cells.
neuralgenisis | phenotypic selections | growth factors R ecently we developed a method in which combinatorial antibody libraries are rendered infectious for eukaryotic cells by incorporating them into lentiviruses. This method enables direct selection of agonists that regulate cellular phenotypes from the very cells expressing the agonist antibodies: i.e., in an autocrine manner (1) . The power of these infectious libraries stems from several unique features. First, as for other antibody libraries, one is able to select from vast numbers of candidates (2) (3) (4) (5) (6) (7) . Secondly, the infected eukaryotic cell, itself, becomes the reporter system. This direct linkage of genotype and phenotype greatly facilitates the discovery of functional antibodies such as agonists. Finally, there is the possibility of adding protein signals or anchoring sequences to the expressed antibodies, such that they can be secreted, directed to subcellular compartments, or anchored in the plasma membrane, respectively. Antibodies anchored in the plasma membrane are designed particularly to activate colocalized neighboring receptors ("near neighbor" libraries).
To demonstrate the power of this methodology, we used combinatorial antibody libraries in their near neighbor format to coexpress antibodies and the granulocyte colony-stimulating factor receptor (G-CSFR). Remarkably, using this method, we isolated an agonist antibody to the G-CSFR that can induce human CD34+ stem cells to form neural progenitor cells. Because CD34+ stem cells are of the myeloid lineage, this antibody appears to induce a transdifferentiation process (8, 9) .
Results
Construction of Near Neighbor Antibody Libraries. Many different antibody formats that address diverse cellular compartments can be used for intracellular combinatorial libraries (10) . In our previous studies using intracellular libraries coupled to single cell selection systems, we generated many antibodies that were phenocopies of the natural agonists. Because antibody agonists have the potential to bind to receptors in a way that is different from the natural agonists, they are potentially capable of pleiotropic effects. To favor the selection of antibodies that bind to receptors in unusual ways, we generated a format in which members of the combinatorial antibody libraries are integrated into the plasma membranes of target cells (Fig. 1) . Selections using anchored antibodies are based on an autocrine mechanism in which one ensures that the antibody acts on the cell that produced it.
A single chain ScFv that is dimerized by the appended Fc domains is linked via a flexible linker to a platelet-derived growth factor receptor (PDGFR) membrane-spanning domain such that the antibody molecules are integrated as dimers into the plasma membrane with their binding sites facing the solvent. We termed these libraries near neighbor libraries because the binding of the antibody is likely constrained to available regions of neighboring molecules. The central concept was that by using near neighbor libraries, unusual antibodies that are not seen frequently when selections are carried out in solution might be favored because of the coupling of constrained reaction geometries to a very high effective molarity for the interacting pairs. The method also has the important advantage that the target receptor is present in its natural milieu, thus, ensuring the presence of physiologically relevant conformations.
As a proof of principle, we tested the potential for an antibody that is a known thrombopoietin (TPO) phenocopy in its soluble form to function when it is coexpressed and anchored in the plasma membrane along with its thrombopoietin receptor (TPOR) target. The antibody still functioned as an agonist when it was integrated into the plasma membrane suggesting that it could activate a neighboring TPOR (Fig. S1 A and B) . Two separate assays were used. In one, a FRET fluorescence reporter assay that measured activation of the signal transduction pathway was studied (Fig.  S1A) . The second assay measured stimulation of cell growth (Fig.  S1B ). To confirm that the antibody activated the same cell that expressed it, and not an adjacent one by cell-cell interaction, cells were plated at a low density so they could be studied individually. When the culture was exposed to the FRET substrate, cells in isolation were found to be activated, strongly suggesting that the membrane bound antibody activated the cell expressing it by binding to a neighboring receptor ( Fig. 2 A and B) . No activation was observed in cells infected with a virus expressing red fluorescent protein alone ( Fig. 2 C and D) .
Isolation of G-CSF Antibody Phenocopies. To increase the potential for isolation of unusual antibodies, a dual selection strategy was used. In the first step, antibodies that bound to the G-CSFR ectodomain in solution were selected from a combinatorial library expressed in phage that contained about 1.0 × 10 9 members. The purpose of this step was to select binding antibodies from a large diversity system to enter the highest number of candidates into the more stringent secondary screen. We expect this enriched library to have large numbers of antibodies to easily available epitopes and fewer to other regions. The secondary near neighbor screen that is based on function rather than simple binding, was designed to both isolate directly those members of the preselected library that are agonists and, uncover those, perhaps rare, antibodies with unusual functions. Thus, the antibodies that were preselected in phage after two rounds of panning were converted into a plasma Although the selected antibodies were agonists when integrated into the plasma membrane, it was important to demonstrate that they were also functional as soluble proteins in a fashion that is similar to the endogenous GCSF agonist that is a secreted growth factor. To study this, the selected antibody genes were converted to a secretory format in an expression vector that was used to transfect HEK-293 cells in 96-well plates. The secreted antibodies were harvested and tested for their ability to bind to the G-CSFR and activate reporter cells. Sequencing of the antibody genes from the positive clones revealed that they all derived from a single clone, which indicates strongly that a selectable event occurred. This clone was present in the original pool at a frequency of less than 10% as determined by sequence of the antibody genes from 50 randomly picked bacterial colonies, and could easily have been lost if the selection was confined to more rounds of panning in phage. An analysis of the affinity purified antibody by Western blotting and FACS showed that it bound strongly to the G-CSFR (Fig. 3A) and was an agonist (Fig.  3 B-D) . Additional studies showed that the purified antibody induced both G-CSFR downstream signaling and growth in the reporter cell lines ( Fig. S4 A and B) .
To complete the cycle, the antibody was reconverted to its membrane-tethered format (MTA) in lentivirus and after infection was again capable of activating selectively the reporter cells ( Fig. S5 A-C) .
To determine whether antibody and its receptor target actually colocalize in the plasma membrane, fluorescence microscopy study of cells expressing both the G-CSFR and the selected antibody clone were carried out. These studies showed that both the antibody molecules and the G-CSFR are simultaneously expressed strongly on the plasma membrane (Fig. 4 A-D) and colocalize in the classical patches induced by cross linking (Fig. 4 E-H) (10) . Receptor activation by either G-CSF or the agonist antibody was again strictly dependent on the presence of the G-CSFR. There was no activation of mock-transfected cells by either G-CSF or the agonist antibodies ( Fig. S6 A and B) .
Transdifferentiation of Human Stem Cells. Because the main purpose of developing near neighbor combinatorial antibody libraries was to select agonists that might act in unusual ways, we tested the ability of these G-CSFR binding antibodies in their soluble format to activate human CD34+ stem cells. We thought that they could possibly be more potent and/or drive differentiation further along pathways of the myeloid lineage. However, what actually happened was that, unlike the natural ligand, the antibodies initiated neurogenesis in these stem cells.
CD34+ stem cells were isolated on separate occasions by cell sorting from five individuals. The sorted cells had a purity of 96-99%. In the first experiment, one half of the cells were treated with G-CSF and the other half was treated with the selected soluble antibody. As, expected, G-CSF caused proliferation of cells that did not attach to the dish and had morphologies characteristic of the myeloid lineage. By contrast, the antibodies caused widespread formation of cells that attached to the dish. Attachment started at These cells were mobile, had long neuritis, and exhibited multiple morphologies including bipolar configurations and extensive development of pyramidal shaped growth cones ( Fig. 5 E and F) . Scanning electron microscopy was carried out on these cells to obtain further morphological details. These studies showed that the growth cones on the neurite tips had a classical morphology with extensive formation of filopodia and lamellipodia ( Fig. 6 A and B) .
Induction of neural cells was observed in repeated experiments from different donors of CD34+ cells. Similar morphological features were not observed when the same cell populations were treated with G-CSF, irrelevant antibodies, or with agonist antibodies to other receptors on CD34+ cells such as integrins. To confirm that these cells were of neural lineage, they were studied by fluorescent microscopy for the presence of neuronal tubulin (Tuj1) as a highly specific neuronal marker, nestin as a transient marker of neural progenitor cells, F-actin as a component of growth cones, and CD29 as a marker of cells of other lineages, including fibroblasts. Intense staining of the cells was observed with antibodies to F-actin, Tuj1 tubulin and nestin ( Fig. 6 C and D and Fig. S8 A-C) . By contrast, the cells did not express the fibroblast marker, CD29. The F-actin, and the neurospecific Tuj1 protein were organized into the canonical patterns observed in the growth cones of neural progenitor cells (11, 12) . Tuj1 tubulin extended into the growth cone margins and terminated at the actin bundles. The actin filaments at the tips of the growth cones ranged in morphology from spike-like to a more blunted arrangement. The intensity of the tubulin stain allowed one to observe clearly the remarkable length of the developing neuritis, which is a distinguishing feature of cells of the neuronal lineage (Fig. S8 D  and E) . Another feature of neuroblasts in culture is their growth cone motility. To study this feature, cells were observed at 1-h intervals. Even in this short interval, extensive motility of the growth cones accompanied by neurite extension could be observed easily (Fig. 5 E and F) .
Differential Activation of Signal Transduction Pathways and Gene
Expression. Because the antibodies apparently transdifferentiated stem cells, one might expect that the activation of signal transduction pathways would be different from those used generally by cytokines such as G-CSF. To test this possibility, freshly isolated human CD34+ bone marrow stem cells were treated with either G-CSF or the agonist antibody, and the activation of the major G-CSF receptor signaling pathways such as STAT5, Protein Kinase B (AKT), and ERK were analyzed using selective anti-phosphoantibodies. G-CSF induced phosphorylation of STAT5, AKT, and ERK, whereas the antibody induced stronger phosphorylation of AKT but did not affect STAT5 or ERK (Fig. S9A) . Thus, the cellular fate we observe may be the result of a concerted enhancement of one signal transduction pathway coupled with the loss others. Interestingly, the PI3 kinase/AKT pathway is known to be important in neurogenesis (13) (14) (15) .
A more comprehensive analysis of the induction of gene expression was carried out using a RT-PCR array based analysis of neurogenesis in which the expression of 84 genes known to be important for neurogenesis were studied. The results are expressed as the ratio of induction by the antibody or G-CSF to that of untreated cells (Fig. S9B ). The expression of many genes important to neurogenesis are up-regulated by the antibody relative to those of uninduced cells or cells induced by G-CSF. This up-regulated expression includes genes encoding proteins that promote neurite outgrowth and adhesion (NRP1, NRP2, and NRCAM) and notch signaling (NRP2, HEY1, DLL1, and ADORA1), among others. Although some induction of gene expression is common to G-CSF and the antibody, many are unique and highly activated by the antibody alone (Fig. S9B ). An interesting gene whose expression is up-regulated far more than any of the others except ADORA1 (229-fold) is the gene involved in Norrie disease (NDP). This gene encodes a secreted protein that is a ligand in the Wnt/beta-catenin pathway and may play a role in the early development of the neuroectoderm (16) (17) (18) .
Discussion
The most important consequence of these studies is that they suggest that antibody agonists and the natural ligand that bind to the same receptor can induce different cell fates from an identical starting cell population. In the case of GPCRs and cytokine receptors, pluripotency of signaling is a growing area of pharmacology where one aims at finding agonists that bias signaling via a receptor to a particular down streaming pathway (19) (20) (21) (22) (23) . To accomplish this, one needs to test a large number of agonists. Although this is relatively easy for small molecule ligands, the generation and study of a large and diverse library of protein agonists is more problematic. Our method may provide a solution to this problem in that it facilitates study of a large number of potential protein agonists that bind to different regions of the receptor and favor alternative down stream signaling pathways. This effect is dramatically illustrated here because both the antibody and G-CSF bind to the G-CSFR and induce cell proliferation, but only the antibody initiates neurogenesis.
The special way that these agonists were generated may be relevant to their unusual function. Because the antibodies are integrated into the plasma membrane during the selection process, their binding is limited to near neighbors that occur because of stochastic proximity in a fluid membrane, or are the result of heretoforeunrecognized specialized membrane ensembles. Also, the local concentration, and thus the effective molarity, of the interacting partners may be much higher than that attainable in solution. When such enforcement of the configuration and proximity of the interacting partners is coupled with the power of single cell phenotypic selections, antibodies that have new and, possibility, rare potentials may be selected. In terms of phenotypic selections of rare events, it should be noted that screening autocrine systems by FACS allows one to assay two million events an hour. Furthermore, because such interactions occur in the natural milieu of the receptor, they have a higher potential for physiological relevance.
The reasons that unusual antibodies are generated not withstanding, an understanding of their mechanism is of considerable interest. There are several possibilities. The most obvious is that the CD34+ population of cells is heterogeneous and consists of cells with various potentials for differentiation. However, if this were simply the case, one would expect that the natural ligand would also induce neurogenesis and activate the same genes. Thus, although both agonists bind to the same receptor in CD34+ stem cells, only one, the antibody, induces formation of neural progenitors. Also, the antibody induces expression of a different set of genes.
A likely explanation for the transdifferentiation is that we are observing a kinetic effect based the intensity and duration of the signal. This effect, in turn, is related to the stability and/or configuration of the "agonist occupied" receptor-antibody complex relative to G-CSF. The general concept is that the read out of signaling from the same receptor can differ because it depends on the integration of multiple factors including the strength and duration of the signal. We know that, during development and differentiation, the interpretation of signal strength is especially important in the response to morphogenic gradients (24) (25) (26) (27) (28) (29) . It is of interest that some of the genes, such as NDP, whose expression is the most up-regulated by the antibody, belong to pathways such as the Wnt/beta-catenin cascade, whose induction is sensitive to the duration and concentration of the signal (26). Although we are not dealing with physiological generation of signaling gradients, differences in the molecules themselves, in terms of their half-lives or how they interact with cellular pathways may, nevertheless, regulate their signaling potential. For instance, it has been suggested that receptor-mediated endocytosis may play a role in the regulation of cell signaling by controlling the persistence or availability of a ligand (30) . In this sense, the antibody signal may be more sustainable than that of G-CSF because its half-life in the presence of receptor baring cells is days to weeks compared with only hours for G-CSF.
Another possibility is that binding to diverse regions of the receptor ectodomain can cause unique conformational changes or cross-linking that activates its signal transduction domain in different ways. These could be cis-effects where the receptors operate on their own, albeit with different consequences. There is the interesting possibility that we are observing a trans-effect in that a conformation change in the G-CSFR allows it to bind to and selectively activate a neighboring receptor such that a receptor-receptor interaction leads to engagement of a different pathway. In this case, the role of the antibody is to initiate this cascade. Alternatively, the G-CSFR and its neighbor could both be activated such that their synergy is responsible for the different cell fates in much the same way that induction of multiple transcription factors leads to cellular pluripotentiallity (31) .
The work of others both lends support to our studies and indicates future directions, especially in terms of the therapeutic potential of antibodies that transdifferentiate autologous cells. Several authors have shown that the G-CSFR is present on a variety of neurons and this receptor and its G-CSF ligand colocalize in adult neurons, especially in the cortex, hippocampus, cerebellum, subventricular zone, and olfactory bulb. It has been suggested that this receptor-ligand system constitutes an autocrine system that, when activated, promotes neurogenesis (32, 33) . Interestingly, the G-CSFR is also strongly expressed in radial glia cells (34) .
Regardless of the role of G-CSF in the complicated milieu of the brain, the presence of the G-CSFR in adult neurons is consistent with our finding that it may play a role in their ontogeny. In terms of biased signal transduction, Tian et al. (35) demonstrated that a series of G-CSFR deletion mutants can activate different JAK-STAT pathways, leading to activation of distinct genetic programs. Thus, antibody agonists that are markedly different from the natural ligand could be expected to induce even more drastic changes in the properties of the signal-transducing domain of the receptor than that observed for simple deletion mutants. In the cytokine area, Kondo et al. (36) showed that lymphoid progenitors transfected with the Il-2 and the GM-CSF receptors were converted into cells of the myeloid lineage with a concomitant loss of their lymphoid potential when they were exposed to GM-CSF. The findings of Buzanska et al. (37) and Gage and colleagues (38) are, perhaps, more relevant to our report. Buzanska et al. reported that umbilical cord blood-derived cells of mesenchymal lineage can be reprogramed to neuronal fates when grown in neuronal media plus EGF, and Gage and colleagues showed that the ectopic expression of Sox2 and c-Myc in CD133+ cord-blood stem cells is capable of inducing neuronal-like cells.
Finally, as therapeutics, antibodies have the advantage that they are long lived and do not need to enter cells to function. Thus, antibodies could transdifferentiate autologous stem cells in vivo or in vitro to generate differentiated cells that are self. Such cells might be useful in a variety of ways, including the repair of an injured region of the brain or spinal cord.
Materials and Methods
Establishment of Reporter Cell Lines. CellSensor SIE-bla HEK293T Cells (Life Technology K1649) were infected by lentivirus expressing wild-type G-CSF receptor at multiplicity of infection (MOI) = 5 to generate the stable cell line, SIE/BLA/SIG. The response to G-CSF was determined by detection of the FRET signal of CCF4-AM in accordance with the manufacturer's instructions. To construct the growth-based reporter cell line, Ba/F3 cells were infected by lentivirus expressing the wild-type G-CSF receptor at a MOI = 5 to generate the BaF3-114 cells. The growth response of the cell line was determined 2 d after treatments by a MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assay.
Analysis of Activation of the SIE-bla Reporter Cell Line. After treatments, cells were incubated with the CCF4-AM substrate (Life Technology K1089) for 2 h. The FRET signal was excited at 409 nm, and the emissions were analyzed at 460 nm (Am-Cyan) and 530 nm (Pacific Blue). The activated cells are blue.
Patching. Cells expressing antigen on the surface were incubated with fluorophore conjugated specific antibodies for 1 h in culture medium followed by fixation without permeabilization. The samples were analyzed by confocal microscopy.
Differentiation of CD34+ Cells in Culture. Fresh bone marrow CD34+ cells were purchased from Allcells (catalog no. ABM010). The purity is greater than 96% as determined by FACS. The cells were washed with SFEM (Stem Cell 09600) and kept in SFEM with 50 ng/mL SCF (c-kit), 20 ng/mL IL-3, and 20 ng/ mL IL-6 for 2 wk without a change of media. In total, 15,000 cells in a volume of 2 mL were studied in triplicate.
Immunoflorescence Analysis of Neural Markers. The cells were fixed by 4% (vol/vol) PFA for 20 min and incubated with specific antibodies, followed by fluorophore conjugated secondary antibody staining. Tuj-1 antibody is from Covance (catalog no. MRB-435P), Nestin antibody is from BD Bioscience (catalog no. 611658), Phalloidin eFluor 570 is from eBioscience (catalog no. 41-6559). Alexa Fluor-488-conjugated secondary antibodies are from Life Technology.
